Sodium bicarbonate is administered during cardiopulmonary resuscitation (CPR) for the treatment of systemic acidemia. However, the effect of administering standard-dose sodium bicarbonate on the vasopressor effect of epinephrine is unknown. This study compared the effects of sodium bicarbonate or normal saline on the vasopressor effect of epinephrine in 16 pigs. After 10 minutes of unassisted ventricular fibrillation, CPR was started using a pneumatic chest compression device. Two minutes after the start of CPR, sodium bicarbonate (1 mEq/kg) or normal saline (1 mL/kg) was administered into the right ventricle Systemic acidosis occurs during cardiac arrest and cardiopulmonary resuscitation (CPR).'-3 The development of systemic acidosis is the result of decreased oxygen delivery to the tissues consequent to reduced blood flow during CPR.4 A potential complication of acidemia during CPR is altered efficacy of adrenergic agents including epinephrine.5'y Epi- nephrine has been shown to not only increase coronary perfusion pressure and coronary blood flow, but also to improve survival in CPR studies.'0-'3 Alteration in epinephrine effects caused by acidemia during CPR may have important implications for survival after a cardiac arrest and CPR episode. The current mode of treatment for acidemia observed during CPR is the administration of sodium bicarbonate.14 However, it is not known what effect sodium bicarbonate will have on the effect of epinephrine during CPR. Therefore, the purpose of this study was to evaluate the effect of standard-dose sodium bicarbonate (1 mEq/kg) on the vasopressor effects of epinephrine during CPR after a prolonged period of ventricular fibrillation in a porcine model.
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METHODS

Animal Preparation
The effect of intravenous epinephrine with and without sodium bicarbonate was evaluated in 18 pigs (18.8 2 4.1 kg) in a randomized and blinded manner. Randomization was achieved by using random numbers with a block design to ensure equal group size. All investigators (except the one investigator who prepared drug) directly involved with the experimental procedure or data analysis were blinded. The study was approved by the University's Unit for Laboratory Animal Medicine. All swine were anesthetized initially with an intramuscular injection of tiletamine (6 mg/kg), zolazepam (6 mg/ kg), and xylazine (2 mg/kg) and were supplemented and maintained with intravenous pentobarbital (5 mg/kg) as needed. All animals were stabilized for at least 30 minutes after supplemental doses of pentobarbital before beginning any experimental procedures. Each swine was placed on a surgical table with a thermoblanket in a supine position. After the pig was secured. a cuffed endotracheal tube was placed and ventilations started using an Ohio Anesthesia Ventilator (Ohio Medical Products, Madison, WI). The ventilator initially was set at a tidal volume of 10 to 15 mL/kg and a respiratory rate of 15 breaths/minute using room air. Blood gases were stabilized for at least 20 minutes before the start of the experimental procedure to an arterial pH of 7.40 2 0.05 and a partial pressure of carbon dioxide (Pco,) of 40 2 5 mm Hg by altering the respiratory rate or tidal volume if needed. All blood gases were measured using a blood gas analyzer (Radiometer ABL2 Acid-Base Laboratory. Cleveland, OH) that was in the same room.
Arterial and venous blood gas samples were obtained before the start of ventricular fibrillation and also at the start of and every minute throughout the CPR period. Arterial samples were obtained from a pig-tailed catheter inserted via the femoral artery with the tail positioned in the aortic arch. Venous samples were obtained through a catheter inserted via the femoral vein with its tip positioned in the inferior vena cava.
Aortic and right atrial pressures were measured and recorded 440 AMERICAN JOURNAL OF EMERGENCY MEDICINE n Volume 11, Number 5 n September 1993 throughout the study period. A second pig-tailed catheter placed in the aortic arch was used to obtain arterial pressure measurements, whereas a 6 French catheter with its tip positioned in the right atrium was used to obtain right atrial pressure measurements. The tip of a second 6 French catheter was placed in the right ventricle and used for drug administration. The position of the catheters were determined by evaluating pressure measurements and waveforms with confirmation at the end of the study by necropsy. Pressures were measured with a Gould P23 pressure transducer (after calibration; Gould Inc, Cleveland, OH) and recorded along with a singlelead electrocardiogram by a Gould 8 channel RS 3800 graphic recorder (Gould Inc, Cleveland, OH). After catheter placement, a 150 U/kg heparin bolus was administered intravenously to help maintain catheter patency.
Experimental Protocol
After obtaining stable baseline measurements, ventricular fibrillation was induced by a 24 mA, 60 Hz electrical current through a pacing wire placed in the right ventricle. After 10 minutes of ventricular fibrillation (without ventilation), CPR was started using a pneumatic chest compression device (Thumper; Michigan Instruments, Grand Rapids, MI) set at a chest compression rate of 80 time&in with a compression duration of 0.5 seconds. At the start of CPR, the compression force was adjusted to produce an initial coronary perfusion pressure gradient (aortic-right atria1 middiastolic pressure) during the relaxation phase of approximately 15 mm Hg. The compression force was not altered once the coronary perfusion pressure gradient had been set. After every fifth compression, diastole was prolonged by 0.5 seconds, and the lungs were inflated to an inspiratory pressure of approximately 10 cm H,O (with 100% 0,) by a synchronized, pressure-limited ventilator (Thumper).
After 2 minutes of CPR (12 minutes of ventricular fibrillation), sodium bicarbonate 1 mEq/kg or normal saline 1 mL/kg was administered in a randomized and blinded manner followed by a 5 mL flush of normal saline into the right ventricle. One minute later (3 minutes of CPR and 13 minutes of ventricular fibrillation), epinephtine 0.2 m&g was administered followed by a 5-mL flush of normal saline into the right ventricle.
After 8 minutes of CPR (18 minutes of ventricular fibrillation), external defibrillation was attempted with 7 J/kg of energy (model 604-A; MennemGreatbach Electronics, Inc, Clarence, NY). If the pig remained in ventricular fibrillation, CPR was continued. Further attempts at defibrillation using 10 J/kg of energy were made every 90 seconds until ventricular fibrillation was terminated or a total time of 10 minutes had elapsed from the first defibrillation attempt. For this study, the definition of resuscitation was attainment of an organized cardiac rhythm with a systolic blood pressure of 60 mm Hg or more for at least 2 minutes within a 12-minute period from the first defibrillation without the use of additional vasopressor support. i5 
Data Analysis
Aortic and right atria1 pressures were determined using the average of five readings per measurement by a blinded investigator. Statistical comparison of the two treatment groups was performed using analysis of variance with a repeated measures design. The relationship between blood gas parameters and myocardial pressures was evaluated by Pearson's correlation coefficient. A P < .05 was considered the critical probability level for all tests. Data are reported as mean and standard deviation.
RESULTS
A total of 18 pigs were studied (n = 9 for the sodium bicarbonate group, n = 9 for the normal saline group). Mean pressures over time during CPR are listed in Table 1 for the sodium bicarbonate and normal saline groups. Both groups produced an increase in aortic systolic, aortic diastolic, and coronary perfusion pressures over time with no significant differences between the groups at any point measured. There were no differences in pressures after sodium bicarbonate administration compared with baseline values. Additionally, there was no difference between groups when adjusted for baseline differences. Both groups demonstrated similar resuscitation rates with two of nine pigs surviving in the sodium bicarbonate treatment group and one of nine pigs in the normal saline group.
Mean aortic blood gas values (pH, Pco,, and bicarbonate) over time are listed in Table 2 . No significant differences between groups were observed in aortic blood gas values before ventricular fibrillation or at the start of CPR. The sodium bicarbonate group demonstrated significant elevations in bicarbonate concentrations.
No significant differences were observed for pH, hydrogen ion concentrations, or Pco, values despite increases in these measurements after sodium bicarbonate administration (ie, 5 3 minutes after the start of CPR). However, when these values were adjusted for baseline differences (change from the values obtained 2 minutes after the start of CPR) significant differences were observed between the two groups. Specifically, significant increases were observed at 3,4, and 5 minutes after the start of CPR for pH values in the sodium bicarbonate group compared with the normal saline group (0.075 t 0.082, 0.106 k 0.151, 0.081 + 0.17 vs -0.028 k 0.037, -0.052 k 0.068, -0.076 k 0.078, respectively; P < 0.03). In addition significant increases in Pco, (mm Hg) were observed in the sodium bicarbonate group compared with the normal saline 2 Table 3 . No significant differences between groups were observed in venous blood gas values before ventricular fibrillation or at the start of CPR. However, the sodium bicarbonate group demonstrated significant elevations in pH, hydrogen ion concentrations.
Pco,, and bicarbonate measurements after sodium bicarbonate administration (ie, ~3 minutes after the start of CPR).
Correlation between venous blood gas values and pressures showed similar results as the arterial blood gas values for pH and bicarbonate analysis. However, a weak correlation was observed between Pco, values and both coronary perfusion pressure and aortic diastolic pressure changes (I' = .42, P = .OOOl and r = .45, P = .OOOl. respectively) showing that as Pco, increases, aortic diastolic and coronary perfusion pressure increases.
When peak change in coronary perfusion pressure for each individual animal was stratified according to pH regardless of sodium bicarbonate administration. the results show that when pH ~7.4 (pH = 7.17 5 0.14; n = 9; six normal saline and three sodium bicarbonate pigs) peak change in coronary perfusion pressure was 12.7 2 21 mm Hg versus 5.2 ? 7.4 mm Hg (P = .33) when pH >7.4 (pH = 7.65 ? 0.16; n = 9: six sodium bicarbonate and three normal saline pigs). When the high and the low values were eliminated. the peak change in coronary perfusion pressure was 7.7 + 8.4 mmHgatpH=7.19+0.1and3.6+3.1atpH =7.68?.17
(P = .25).
DISCUSSION
The effect of sodium bicarbonate on arterial and venous acid-base status has been well documented; however. the effects of sodium bicarbonate on the pressure response to epinephrine is less well defined. The results from this study demonstrated that there was no difference in the pressures evaluated or in resuscitation after epinephrine administration between the sodium bicarbonate or normal saline groups. Evaluation of arterial and venous blood gases demonstrated elevations in pH. Pco,, and bicarbonate values after sodium bicarbonate administration compared with normal saline administration, which is consistent with previous studies.'6.'7
In this animal model of ventricular fibrillation and CPR, sodium bicarbonate administration has no effect on the vasopressor response to epinephrine administration. These results are similar to a previous study in swine evaluating sodium bicarbonate (3 mEq/kg) and epinephrine (0.04 mgi kg). l8 However, there are differences between studies, including the dose of sodium bicarbonate used. the mode of CPR (open chest vs closed chest), and baseline coronary perfusion pressure, which was twice as high as our study (approximately 15 mm Hg vs 30 mm Hg). Both studies contain important findings. but of the two studies, our study represents a more clinically applicable model secondary to the type of CPR performed (closed chest model) and lower baseline coronary perfusion pressure. A recent study in humans demonstrated that the baseline coronary perfusion pressure in patients who had return of spontaneous circulation was only 13.4 -+ 8.5 mm Hg, whereas patients who did not have return of circulation had baseline coronary perfusion pressure of 1.6 i 8.5 mm Hg.19 The elevated coronary perfusion pressure observed in the previous study may bias the results and not be reflective of an actual CPR setting.
Our study also showed, before epinephrine administration, that sodium bicarbonate had no effect on coronary perfusion pressure. This is in contrast to previous studies that show that the administration of sodium bicarbonate (without epinephrine) decreases coronary perfusion pressure in closed chest models of CPR.'"." However, these studies used a larger dose of sodium bicarbonate than this study, which used the standard I mEq/kg dose. These results suggest that when sodium bicarbonate is administered alone it may decrease coronary perfusion pressure in a dosedependent manner in a closed chest model of CPR. The potential mechanism for the decrease in coronary perfusion pressure observed in these studies is thought to be caused by the vasodilatory effect of a hyperosmolar solution.'". 2' In evaluating pressures after sodium bicarbonate administration. the relationship between blood gas values and pressure changes were evaluated. Overall. there was no significant correlation between blood gas values and change in pressure except for the weak correlation between venous Pco, and pressure, indicating that as venous Pco, values increased, pressure increased. However, when only the maximal change in coronary perfusion pressure was evaluated according to pH. there was a trend suggesting that lower the pH (c7.4) the greater the increase in coronary perfusion pressure. In fact, coronary perfusion pressure tended to be twice as high in the group that had arterial acidemia. A recent study in humans has shown similar results in which patients with a pH of more than 7.42 had significantly lower coronary perfusion pressure during CPR after epinephrine administration (0.2 mg/kg) compared with patients with a pH of less than 7.38 (4 ? 6 mm Hg vs 12 + 9 mm Hg. P < .OOOl. respectively).2' These data suggest that overzealous administration of sodium bicarbonate leading to severe arterial alkalemia may not be beneficial in regards to obtaining optimal coronary perfusion pressure. Further work in this area is required.
Even though pressures increased after epinephrine administration. the overall magnitude of this increase was lower than what has been reported previously with 0.2 mgikg dose of epinephrine.".'J The reason for this is not clear because this model is somewhat similar to previous models and epinephrine was administered directly into the right ventricle. One possible explanation for our results is that we had a more severe model of cardiac arrest because of a number of possible reasons (including species of pig used. CPR technique. etc). which resulted in a decreased response to epinephrine.
Our study demonstrated limited survival in both groups. Previous studies have shown higher survival rates after 0.2 mg/kg epinephrine therapy.".'4
In addition. other studies evaluating sodium bicarbonate therapy demonstrated either improved or similar survival compared with normal saline. 'R.2'.2s-17 Differences between studies are related to de-sign, drug dosages, and most critically, coronary perfusion pressures. When coronary perfusion pressures are high (probably more than 25 mm Hg). most animals will survive regardless of treatment randomization.'0-"~'5 Therefore, evaluating survival in these type of studies is probably limited because coronary perfusion pressure is the major determinant of survival. Because coronary perfusion pressure is critical in animal models of CPR, the major end point for this study was changes in pressure and not survival. The limited survival observed in our study is consistent with the minimal pressure response observed after epinephrine administration, the prolonged CPR period after epinephrine administration, and no additional resuscitation measures tie, additional epinephrine administration) after defibrillation.
The results from this study must be interpreted with caution because our model represents a prolonged period of ventricular fibrillation and CPR. The results from models using shorter periods of ventricular fibrillation and CPR or models that demonstrate greater response to epinephrine is unknown. Whether or not the dose of epinephrine is important (ie, high dose vs standard dose) in regards to pressure response is also unknown. Additionally, our results may have been different if systemic alkalemia and acidemia had been more extreme or a larger dose of sodium bicarbonate had been used. Using extreme end points may have made detecting a difference between groups easier. Finally, evaluation of energy metabolism and neurological scores after resuscitation may also be beneficial.
In conclusion, this study demonstrated that standard 1 mEq/kg dose of sodium bicarbonate had no effect on the vasopressor response to epinephrine compared with normal saline in thxs closed-chest model of prolonged ventricular fibrillation and CPR. This study also suggests that arterial acidemia may not decrease the vasopressor response to epinephrine and may actually improve response. Overall, it appears that there may be limited reason to administer sodium bicarbonate during ventricular fibrillation and CPR in attempt to improve the vasopressor response to epinephrine.
